Background: Limited data are available on HBV, HCV, and HIV co-infections and triple infection. We characterized co-occurrence of HIV, HBV, and HCV infections at the population level in British Columbia (BC) to identify patterns of predisposing factors unique to co-infection subgroups. Methods: We analyzed data from the BC Hepatitis Testers Cohort, which includes all individuals tested for HCV or HIV in BC between 1992 and 2013, or included in provincial public health registries of HIV, HCV, HBV, and active tuberculosis. Individuals were classified as negative, mono-, and co-infection groups based on HIV, HBV, and HCV status. We evaluated associations between risk factors (injection drug use, sexual orientation etc.) and coinfection groups using multivariate multinomial logistic regression. Findings: Of a total of 1,376,989 individuals included in the analysis, 1,276,290 were negative and 100,699 were positive for HIV, HBV, and/or HCV. Most cases (91,399, 90.8%) were mono-infected, while 3991 (4.0%) had HBV/ HCV, 670 HBV/HIV (0.7%), 3459 HCV/HIV (3.4%), and 1180 HBV/HCV/HIV (1.2%) co-infection. Risk factor and demographic distribution varied across co-infection categories. MSM classification was associated with higher odds of all HIV co-infection groups, particularly HBV/HIV (OR 6.8; 95% CI: 5.6, 8.27), while injection drug use was most strongly associated with triple infection (OR 64.19; 95% CI: 55.11, 74.77) and HIV/HCV (OR 23.23; 95% CI: 21.32, 25.31). Interpretation: Syndemics of substance use, sexual practices, mental illness, socioeconomic marginalization, and co-infections differ among population groups, highlighting avenues for optimal composition and context for health services to meet each population's unique needs.
Introduction
Despite advances in treatment and prevention, human immunodeficiency virus (HIV), hepatitis B virus (HBV), and hepatitis C virus (HCV) continue to constitute a considerable burden on health. Although more prevalent in Africa, Asia, and the Middle East, these pathogens affect a sizeable portion of the North American population [1, 2] . Recent estimates suggest that 136,000-246,000 Canadians are infected with HCV, while over 75,500 live with HIV and 285,000 with HBV; however, the proportion with multiple concurrent HIV, HCV, and HBV infections is not known [1] [2] [3] .
Each of these infections is associated with substantial morbidity and mortality. According to Global Burden of Disease estimates, HIV and hepatitis were directly associated with over 1.6 million deaths and 59 million years of life lost in 2016 [4] . Therapeutic improvements have dramatically extended the life expectancy and reduced morbidity and mortality for individuals infected with HIV; however, HCV related morbidity and mortality have been increasing [5] . The advent of highly effective direct acting antiviral (DAA) agents is expected to halt this rising tide of HCV related morbidity and mortality. In combination, these infections (HIV, HCV, HBV) increase the risk of morbidity and mortality when compared to mono-infection [6, 7] . Improved therapeutic interventions for HCV and HIV could reduce the impact of co- EClinicalMedicine 4-5 (2018) [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] homelessness [8] . This suggests the presence of multiple underlying factors increases the risk of acquiring multiple infections sharing the same transmission routes and population clustering, such as the blood-borne transmission of HIV, HBV, and HCV through injection drug use. The concept of co-occurring and interacting social conditions and vulnerabilities leading to clustering of infections and related increased morbidity and mortality is also referred as a syndemic [9, 10] . Syndemic theory provides an important framework to investigate co-occurrence of disease and social conditions, which may inform the design of public health programs to address challenges at the individual and population levels [11] .
Although HCV/HIV coinfection has been widely studied, there is very little data regarding the co-occurrence of triple infection at the population level. Large scale, population-based studies that investigate co-occurrence of infections, as well as underlying risk and social conditions, are limited [7, 12] . Previous studies focused on co-infection with HCV, HBV, and HIV among sub-populations, including those engaged in HIV care and people who use injection drugs; however these did not compare to non-infected individuals in the general population [6, 7, [12] [13] [14] [15] [16] . Comparison with a control group negative for all infections is important to understand the risk and vulnerability context of co-infections and triple infection. This may provide important insights into design of programs addressing infections and concurrent risk and social conditions, as recently reported for people with severe mental illness from Sweden [16] .
This analysis aims to use data from the British Columbia Hepatitis Testers Cohort (BC-HTC) to describe the syndemic of HIV, HBV, and HCV infections at the population level in British Columbia (BC) and identify patterns of predisposing factors unique to co-infection subgroups. We also evaluated interactions across underlying factors that contribute to the risks of acquiring multiple infections, as identified as a major gap in recent series on syndemics [11] .
Methods

The Study Cohort
This analysis is based on the BC-HTC, which has been described in detail in a previous publication [17] . The BC-HTC includes all individuals tested for HCV or HIV at the BC Centre for Disease Control Public Health Laboratory (BCCDC-PHL) between 1992 and 2013, as well as cases of HIV , HCV (1990 HCV ( -2013 , HBV (1990 HBV ( -2013 , and active tuberculosis (1990-2013) included in public health registries of reportable diseases in BC. These data are integrated through a unique personal health number assigned to each resident of BC with data on medical visits, hospitalizations, prescription drugs, cancers, and deaths (Supplemental Table 1 ). More than 95% of HCV and HIV serology as well as all confirmatory testing in BC are performed at the BCCDC-PHL. The BC-HTC also includes detailed risk-factor data on reported disease cases followed for surveillance purposes, as well as all prescriptions dispensed in BC, including HCV treatments, through a central system called PharmaNet.
Eligibility Criteria
This analysis included all individuals who were tested for HCV or HIV between 1992 and 2013, or reported as a case of HIV , HCV (1990 HCV ( -2013 , or HBV (1990 HBV ( -2013 . Testing data were excluded if it preceded a participant's date of birth or occurred more than 7 days after death.
Co-infection
Individuals were categorized based on their constellation of coinfections (HIV, HCV, and HBV), including single, double, and triple infection combinations (Fig. 1) . The negative group included individuals with record of a negative HCV or HIV test, and no records of HIV, HCV, or HBV infection (Supplemental Table 2 ). Given that testing data was unavailable for HBV, individuals who were not reported as a case of
Research in context
Evidence before this study Human immunodeficiency virus (HIV), hepatitis B virus (HBV), and hepatitis C virus (HCV) infections are major public health concerns globally. Various population groups, including people who inject drugs (PWID), immigrants from infection endemic countries, indigenous populations, men who have sex with men (MSM), and high-risk heterosexual people, have high burden of these infections; however, the level of co-occurrence may differ across and within population groups, depending on risk activities and vulnerabilities. While it is known that individuals with multiple or repeat infections tend to engage in higher risk activities that increase transmission risk, data on co-occurrence of these infections at a broader population level is limited.
We searched PubMed for articles published up to November 30, 2017, describing HIV, HCV, and HBV infections, focusing on characteristics, co-morbidities, and risk factors associated with coinfection. There have been several studies describing syndemics of HIV, HCV, and HBV for specific population groups, such as people who inject drugs, as well as several studies of HBV and HCV coinfection among HIV positive individuals; however, we did not identify any study that included individuals diagnosed with all three pathogens, in addition to those testing negative and their predisposing conditions, among a general population sample at a provincial, state, or country level.
Added value of this study
This is one of the largest population-based cohort studies in the world and first to incorporate all diagnosed cases of HIV, HCV, HBV, and individuals testing negative for HCV and/or HIV within the province to characterize co-occurrence of bloodborne infections, mental illness, substance use, sexual orientation, and socioeconomic marginalization. We found that distribution of risk factors differs by infection group. Substance use was associated with higher odds of all infection groups except HBV, with strongest association with HIV/HCV, HBV/HCV coinfection and triple infection. MSM also had higher odds of HIV and HBV/HIV. HBV mono-infection was mainly associated with urban residence and higher material deprivation. Stratification by substance use revealed further heterogeneity in risk factor distribution.
Implications of all the available evidence
Our results provide key data on understanding distribution of various infections and co-occurring risk and vulnerabilities. Difference in distribution of various infection groups by PWID, MSM and HBV being in low risk population (potentially immigrants) highlights the need for tailoring integration of prevention, care and treatment services by population groups.
HBV were classified as negative; however, Binka et al. reported over 1 million individuals within the BC-HTC received either a test for HBsAg or anti HBV core total and were not diagnosed with HBV [18] .
Gender/Sexual Orientation
The gender/sexual orientation variable stratified males into subgroups as men who have sex with men (MSM) and non-MSM. Data on sexual orientation was not available for all testers. We created and validated an indicator predicting MSM status using a subset of HIV data (N = 5382) on which male sexual orientation was known [19] . A penalized generalized linear model was developed to predict whether men may engage in sexual activity with other men (sensitivity: 42%; specificity: 91%) using the following variables: visits to clinics providing services to gay and bisexual men, residence in an area with a higher percentage of men identifying as MSM, HIV and STI testing patterns, previous STI diagnoses, and substance use. Given male-specific stratification, this variable combines gender and predicted sexual orientation as a composite, with three levels: MSM, non-MSM males, and females/ unknown.
Socio-demographics
Age group and diagnostic cohort variables were defined either by the date of diagnosis for the most recent infection, or, if negative, the date of last HIV, HBV, or HCV diagnostic test. The Québec Index of Material and Social Deprivation was used to ascertain neighborhood-level socioeconomic status using Canadian Census data for the dissemination area of residence [20] . The material component of the index was derived from population measures of education, employment, and income, while the social component was derived from measures of marital status and family structure. Urban/rural classification was based on Statistics Canada's definition, where an 'urban area' is defined as having a population of at least 1000 and a density of 400 or more people per square kilometer [21] . All territory outside an urban area was defined as rural area.
Substance Use and Mental Illness
Assessment of injection drug use (IDU), major mental illness, and problematic alcohol use was based on respective diagnostic and fee item codes for medical visits and hospitalizations in respective databases (Supplemental Table 2 ). The IDU algorithm was validated in the subset of the BC-HTC against interview-based risk factor data [22] .
Statistical Analysis
We described the distribution of demographics and potential risk-factors by co-infection groups. We evaluated the associations between potential exposures, covariates, and co-infection groups using multivariable multinomial logistic regression. Explanatory variables were selected based on hypothesized causal pathways informed by the existing literature, including a recent analysis of the BC-HTC characterizing HIV and HCV syndemics [8] . These included age at diagnosis, gender and sexual orientation, urbanicity, major mental illness, problematic alcohol use, and IDU, as well as social and material deprivation. Year of diagnosis (most recent infection or last test) was also included to adjust for differences in testing patterns throughout the study period.
Given the well-described heterogeneity of risk behaviors among MSM populations, particularly related to drug use, and to understand nature of the syndemic, we investigated their synergistic and modifying effects on the occurrence of various infections using stratified analysis, where the cohort was stratified by IDU, with each subgroup analyzed using multivariate multinomial logistic regression to characterize effect differences. A separate multivariable multinomial logistic regression analysis also included an interaction term between IDU and gender/sexual orientation to further explore potential heterogeneity of effect.
Data cleaning, descriptive analysis, and visualization were performed using R statistical software (version 3.3.2), while SAS (version 9.4) was used for multivariate multinomial logistic regression.
Ethics approval was obtained through the Behavioral Research Ethics Board at the University of British Columbia (H15-01776). 
Results
A total of 1,376,989 individuals were included in the cohort, 1,276,290 of which were classified as negative for HIV, HBV, and/or HCV. The majority of infected individuals had a single infection, the most common of which was HCV mono-infection (N = 59,096; Fig. 2 ). Considerably fewer individuals had dual infections, the most prevalent of which included HBV/HCV (n = 3991) and HIV/HCV (n = 3459). Only 1180 individuals had triple infection. Those with HIV more frequently (51.2%) had dual or triple infections than those with HBV (18.0%) or HCV (12.7%) infections (Supplemental Table 3 ).
Characteristics of Co-infection Groups
The demographic and risk factor distribution varied between coinfection and mono-infection categories (Table 1) . Age at most recent diagnosis or test was similar across co-infection groups, with the majority of individuals in the 25-44 year groups; however, the distribution was broader among uninfected individuals (Supplemental Fig. 1 ). The proportion of MSM was the highest among those with HIV mono-(28.7%) and HBV/HIV co-infection (25.8%) while lowest in people with HCV mono-(1%) and HBV/HCV coinfection (0.8%).
A majority of individuals among all groups lived in urban areas, with the lowest proportion of urban dwellers among those with HCV monoinfection (83.6%). Individuals with HCV co-infections resided in the most materially deprived areas, including those with triple infection (39.1%), as well as HCV/HIV (36.1%) and HBV/HCV (30.8%) infections. In contrast, individuals with HIV mono-and co-infections resided in the most socially deprived areas, including those with triple infections (49.1%), dual HCV/HIV (50.1%) and HBV/HIV (53.1%) infections, and HIV mono-infection (47.5%).
Individuals with triple infections had the highest proportion of IDU (71.6%), problematic alcohol use (43.3%), and major mental illness (43.1%), followed by those with HIV/HCV (46.4%, 30.1%, 26.4%) and HBV/HCV (35.4%, 26.7%, 26.4%), respectively. Individuals with HBV mono-infection had the lowest proportion of IDU (1.4%), problematic alcohol use (1.6%), and major mental illness (4.7%), followed by the negative group (3.3%, 4.2%, 12.4%) ( Table 1) .
Factors Associated With Co-infection Groups
Classification as MSM was associated with higher odds of all HIV infection groups ( (Fig. 3) .
Effect Modification Through Injection Drug Use
We stratified the regression models by IDU status to understand if the effect of various factors differs by IDU (Table 3) . Overall, the association of various factors with infection groups differed between individuals with and without a history of IDU. Notable among these included the association between being MSM and IDU with higher odds of various infections, and among non-IDU having major mental illnesses, problematic alcohol consumption, and residence in areas with high material deprivation being associated with higher odds of various coinfection and triple infection groups. MSM who used intravenous drugs had 2-4 times higher odds of HBV, HIV, HBV/HIV, HCV/HIV and HBV/HCV/ HIV compared to non-MSM (Table 3) .
Odds ratios of HBV/HIV and HBV/HIV/HCV co-infections were slightly higher among those with major mental illness who used intravenous drugs compared to non-IDU (Table 3) . Residing in areas with high material deprivation (5th quintile) was significantly associated with higher odds ratios of HBV, HCV, HBV/HCV, and HIV/HCV among non-IDU compared to IDU. The odds were also higher for triple infection, but not significant. Similarly, odds of infections among those with problematic alcohol use were also higher among non-IDU compared to IDU.
Similar heterogeneity was observed with the inclusion of an interaction term between gender and sexual orientation and IDU (Supplemental Table 4 ). Although results could not be estimated for the MSM/IDU group, non-IDU individuals generally had lower odds of most infections compared to IDU, most noticeably for double and triple infections.
Discussion
This is one of the largest population-based cohort studies in North America and the first to incorporate all diagnosed cases of HIV, HCV, and HBV, in addition to individuals testing negative for HCV or/and HIV, within an entire province to characterize co-occurrence of bloodborne infections, mental illness, IDU, and socioeconomic deprivation. We identified that IDU was associated with higher odds of all infection groups, except HBV, with the largest associations with HIV/HCV, HBV/HCV coinfection, and triple infection. MSM also had higher odds of HIV, HBV/HIV, HIV/HCV, and triple infection. HBV mono-infection was primarily associated with urban residence and higher material deprivation. Stratification by IDU identified additional patterns of 2-4 times higher odds of HBV, HIV, HBV/HIV, HCV/HIV and HBV/HCV/HIV among MSM who also injected drugs, compared to those who do not inject drugs. Conversely, among non-IDU, mental illness, problematic alcohol use, and material deprivation were associated with higher odds of various mono-and co-infections. These patterns highlight the presence of syndemics of IDU, sexual practices, mental illness, socioeconomic deprivation, and infections. By better understanding the composition and context of these syndemics, health services and interventions may be tailored to the needs of population groups affected by these syndemics. Most infections occurred within populations with multiple risk factors. This vulnerability was particularly evident among individuals with triple infection, who were more likely to engage in IDU, have prior mental illness, and be socially and materially deprived. In particular, the magnitude of the IDU association with triple infection was higher than other risk factors. MSM also had higher odds of triple infection, though the magnitude of association was lower than IDU. Similar to triple infection, IDU was also associated with higher odds of other infection groups. The management of IDU with pharmacological (opiate substitution therapy) and non-pharmacological (needle syringe distribution and psychotherapy) interventions is associated with reduction in HCV or HIV infection [23] [24] [25] . Although similar effects are expected for co-and triple-infections, data are lacking. Further evaluation of these and other interventions alone or in combination is necessary to optimize prevention and treatment of these coinfections.
Higher odds of HIV mono-or co-infection were observed among MSM. HIV mono-infection and HBV/HIV co-infection groups had the highest proportion of MSM, with similar demographics and pattern of risk behaviors. While positive associations of IDU were observed for HIV mono-infection and HBV/HIV co-infection groups, the magnitude of the ORs was considerably lower than that for most other coinfections. These findings are also consistent with other studies on HIV/HBV co-infection, where HBV/HIV co-infection was more strongly associated with MSM compared to PWID [7, 26] . Both HIV mono-and HBV/HIV co-infection groups appeared to reside in areas of relatively greater social deprivation, but lesser material deprivation. This supports previous findings for HIV mono-infection and suggests that these individuals may acquire infections through risk behaviors not necessarily correlated with poverty [8] .
There has been limited evaluation of the interacting nature of syndemics. In this study, we evaluated the interaction between IDU and being MSM to identify whether co-occurrences of various factors differ by IDU and/or being MSM. Stratification by IDU demonstrated MSM who also use intravenous drugs had 3 times higher odds of triple infection,~4 times the odds of HBV/HIV co-infection and HIV monoinfection, 5 times the odds of HBV, and 2 times the odds of HIV/HCV co-infection compared to non-IDU. This suggests heterogeneity among the MSM population, with infection odds being the highest among those also engaged in IDU. These data are consistent with previous findings among MSM, where IDU has been associated with higher odds of HIV and HCV infection [27] [28] [29] [30] . This highlights the need for management of IDU among MSM population through inclusion and integration of addiction management services with health services provided to MSM population. Currently, addiction services tailored to the MSM population's contextual needs are limited [31] . Since HBV is more likely to co-occur among MSM living with HIV, integration of HBV and liver care with HIV care could further improve their health without much effort, as HBV drugs are also included in anti-retroviral regimens. IDU stratified analysis also showed that, among those who inject drugs, problematic alcohol use and mental illness were not associated with further increased odds of HCV, HIV, HCV/HIV HBV/HIV co-and triple-infections. However, among non-IDU, mental illness, problematic alcohol use, and material deprivation were associated with higher odds of various mono, co-and triple-infections. Various studies have reported an association between alcohol use and high risk sexual behaviors in various population groups [31] . This highlights the complex interactions between various co-occurring risk factors leading to increased risk of various infections. This also emphasizes that, while management of drug use is essential, mental illness and problematic alcohol use must also be addressed to achieve reduction in risk of infections and other adverse outcomes. Although additional data is needed to characterize the optimal mix of services, this constellation of co-infections, vulnerabilities, and risk behaviors supports integration and co-location of services for management of mental illness and addiction, along with infection management and social support in areas with high rates of coinfections.
In contrast to other co-infection groups, individuals with HBV monoinfection were less likely to live in areas of relative social deprivation; however, the association with material deprivation persisted. The patterns of deprivation may reflect ethnic diversity of the population, where HBV mono-infected individuals are more likely to represent materially deprived immigrants from socially cohesive cultures. Immigration and cultural influences may also underlie the lower odds associated with IDU and alcohol use, as these commonly cited risk behaviors tend to be less prevalent among foreign-born Canadians [32, 33] . This reflects current knowledge of the distribution of HBV in Canada, as sero-prevalence for HBV is high among migrants from HBV endemic countries, particularly in Eastern Asia [18, 34, 35] ; however, this hypothesis requires further investigation using linked immigration datasets.
Although strengthened by cohort size and the availability of a large sample of negative individuals, this analysis should be interpreted in the light of several methodological considerations. Given the controls in the cohort were limited to those tested for HCV or HIV, they may not be fully representative of the at risk general population; however, since testing may be precipitated by risk factors, bias may result in underestimation of positive associations. Individuals were considered negative for an infection if there was no record of positive test or case report, which may risk misclassification of those not tested for HIV, HBV, or HCV. Several variables, such as MSM and IDU, were derived using medical visits and hospitalizations, likely leading to greater capture of high risk individuals engaged in care and potential misclassification inherent with these datasets. Despite these limitations, the findings are consistent with those of other studies investigating risk factors and demographics associated with HCV, HBV, and HIV co-infections [6] [7] [8] [12] [13] [14] [15] [16] .
While the prevalence of HIV, HCV, and HBV is known to be higher among immigrants and indigenous people, data on these populations were unavailable for analysis. Individuals with no fixed address may be at higher risk; however, despite the elevated risk of infection among those missing addresses, clearer identification of this population is necessary to elucidate the magnitude of risk attributable to inadequate housing.
The co-occurrence of infections and risk factors described in this study suggests the presence of unique syndemics among individuals with HCV, HIV, and HBV in British Columbia. Further analysis is required to better understand the underlying interactions and their effects on acquisition of infections and subsequent outcomes, as well as generalization to other geographies and populations. Identification of these syndemics allows for greater insight into transmission patterns, as well as co-existing conditions that could be utilized for effective management through optimal integration and intensity of various services needed for management of infections and co-occurring socioeconomic deprivation, IDU, and mental illness among various population groups.
Outstanding Questions
• How do the risk factors for co-infection differ within other subpopulations known to have higher burdens of HIV, HBV, and HCV, such as immigrants and indigenous groups? • How do syndemics of substance use, sexual practices, mental illness, socioeconomic marginalization, and co-infections interact to affect health outcomes? • How can a syndemic approach be used to inform targeted delivery of healthcare services?
